Abstract -In this paper, the bending and dynamic responses of sandwich panels with the size variation of different sandwich cores and the homogenized cores are analyzed numerically, including the hexagonal and rectangular cores, the square and rhombic cores and the circle and X-shape corrugated cores. In dependence on the ratio of the span dimensions to thickness, the laminate plate theory is also adopted for the static and dynamic analysis of sandwich panels with the homogenized cores. The computational results demonstrate the influencing rule of size variation of unit cells in the sandwich core on the bending and dynamic response of sandwich panels.
Introduction
A typical sandwich panel is composed of the upper and lower skins and a lightweight core. Common patterns of sandwich cores, e.g. foam, truss, honeycombs and corrugated cores [1] [2] [3] [4] are shown in Fig.1 . Different detailed structural forms are involved such as the foam cores with the open or close cells, different truss configurations, honeycomb cores and the corrugated core with different shapes. Moreover, attractive properties like high specific stiffness and strength, high impact energy absorption, sound damping, electromagnetic wave absorption, thermal insulation and non combustibility [5] [6] [7] can be obtained. Therefore, sandwich panels are extensively used in the aerospace, building, automobile, package, and shipbuilding industries. Most studies on the sandwich panel presently focus on the following two aspects. Firstly, various kinds of methods involved in the homogenization method, the analytical method and the experimental method are pursued to obtain the effective properties of sandwich panels with the different cores. Buannic et al. [8] computed the effective properties of sandwich panel with the corrugated core with the homogenization method and derived the equivalent Kirchhoff-Love and Reissner-Mindlin homogeneous plate. Meraghni et al. [9] developed three approaches of finite element analysis, analytical study and experimental tests to determine the mechanical properties of the honeycomb and tubular cores for sandwich panels. Xu and Qiao [10] applied the multi-pass homogenization technique to solve the equivalent stiffness of the sandwich with the skin effect. Hohe and Becker [11] used a strain energy-based representative volume element procedure for the determination of the effective properties of two-dimensional cellular sandwich cores with arbitrary cell topology and geometry. Xue and Hutchinson [12] proposed a valid constitutive model for quasi-static deformation of three kinds of metallic sandwich cores. Secondly, structural responses of sandwich panels including the bending, impact, vibration and bulking responses are evaluated. Romanoff and Varsta [13] evaluated the bending response of web-core sandwich plates by transforming an originally discrete core into an equivalent homogenous continuum with the effect of thick-face-plates considered. The equivalent stiffness properties of the plate are determined by analytical formulations. Glenn and Hyer [14] developed a theory to predict the outof-plane deflections of sandwich plates. Paik et al. [15] investigated the strength characteristics of aluminum sandwich panels with aluminum honeycomb core. Koissin et al. [16] addressed the elastic response of sandwich panels to local static and dynamic loading. Meo et al. [17] made an experimental investigation and a numerical simulation on the impact damage over a range of sandwich panels. They revealed the load distribution in damaged sandwich structures and studied the failure mechanisms of such a structure in the presence of impact damage. Pokharel and Mahendran [18] investigated local buckling behavior of sandwich panels using experimental and finite element analysis. Frostig and presented a closed-form solutio res, the bending and dynamic re dynamic responses of sandwich panels with the different size honeycomb cores and the homogenized ns are drawn and further works Thomsen [19] presented free vibration analysis of sandwich panels with a flexible core based on the high-order sandwich panel theory. Chang et al. [20] n based on the Mindlin-Reissner plate theory to describe the behavior of corrugated-core sandwich plate bending with various boundary conditions.
The above-presented researchers and many others have carried out plenty of outstanding and in-depth studies on the sandwich panel. However, few attentions are paid on the size effect on the mechanical properties of the few of the sandwich cores. Tekoglu and Onck [21] pointed out that mechanical properties of cellular materials depend strongly on the specimen size to the cell size ratio. The size effect was addressed by Onck et al. [22] for the in-plane elastic constants of hexagonal honeycombs based on the finite element modeling and experimental tests. Recently, Dai and Zhang [23] studied size effects of the 2D basic cell of sandwich beams in a systematic way and demonstrated the importance of size effect theoretically and numerically. Therefore, it's necessary to further explore the size effect of 3D sandwich core in analyzing the mechanical response of sandwich panel. In this paper, by varying the size of the unit cells composing sandwich co sponses of the sandwich panel are evaluated and compared by using the analytical and numerical methods on the basis of homogenization method.
The rest of this paper is organized as follows: in Section 2, the homogenization method and classical laminate plate theory are introduced simply. In Section 3, the bending responses of sandwich panels with the different size honeycomb and corrugated cores are computed numerically. And also, the laminate plate theory and the finite element method are adopted to analyze their bending responses based on the effective sandwich cores predicted by the 3D homogenization method. In Section 4, we also analyze numerically and theoretically the cores. In Section 5, conclusio are pointed out.
Basic formulation

Homogenization method
The homogenization method is based on a two-scale asymptotic expansion of material behaviors with periodic unit cells. The overall properties of an elastic body can be des consideri two different scales: the macroscopic or global level x, and the microscopic or local level y. 
where v is set to be a admissible arbitrary displacement 
Laminate plate theory
A sandwich panel can be considered as a multi-layered plate when the sandwich core is homogenized by using the homogenization method. Therefore, the laminate plate theory [26, 27] can be used to analyze its bending response. According to the es perpendicular to the surface of th in straight and perpendicular to the deform functional forms of the displacements for the la- 
Then the body force items (F x , F y , F z ) are neglected. It is further assumed that the plate is composed of a laminated composite material that is (7) mid-plane symmetric. From Eq. (6) and Eq. (7) 
( , ) 0 
From the following equation: 
where 
According to Eq.(17), the bending respo
nse of a sandwich obtained by the Levy and Navier solution. The effecitive material properties of hexagonal honeycomb core are obtained by the 3D homogenization method. 
San
According to the boundary conditions on those edges: w(x, 0)=0, w(x, b)=0, and My 
Via the calculation, the Levy solution converges when the expansion number n equals to 5. The maximum displacement module is 2.94×10-4m, and the total potential energy is 2.44×10-2N·m for the hexagonal core. The maximum displacement module is 2.622×10-4m, and the total potential energy is 2.41×10-2N·m for the rectangular core. The deformation of sandwich panels is shown in Fig.3 . The bending response of the sandwich panel made of three-layered homogeneous media is obtained via the finite element software SAMCEF®. The maximum displacement module is 2.57×10-4m, and the total potential energy is 2.139×10-2N·m for the hexagonal core. The maximum displacement module is 2.499×10-4m, and energy is 2.0885×10-2N·m fo detailed deformation is shown i The finite element models of sandwich panels with fferent size hexagonal and rectangular cores are bu .0375m (u-upper skin, l-lower skin, c-core), and th rial properties: E =E =2.0GPa, E =0.91GPa. These two at neycomb cores have the same volume fraction 17.35%. 
The total potential energy is:
Via the calculation, the Navier solution converges when the expansion number n is 7. The maximum displacement module is 1.687×10 -5 m, and the total potential energy is 1.4×10 -3 N·m for the square core. The maximum displacement module is 1.682×10 -5 m, and the total potential energy is 1.4×10 on of san -3 N·m for the rhombic core. The deformati dwich panels for the detail is shown in Fig.8 . In this section, the bending responses of sandwich panels with corrugated cores are analyzed with different sizes. Two forms of the cores i.e. the circle-core and the X-core are involved here. The boundary condition of three points bending is the sam . The difference beratio of the span dimension ( e as Fig.2 . The material properties of two sandwich panels are assigned as: E u =E l =2.0GPa for upper and lower skins, E c =0.91GPa for cores tween the two sandwich panels lies in that the simply supported sides are parallel to the extended direction of the unit cell for the circle-core, and vertical to the extended direction of the unit cell for the X-core. Here, only finite element solutions with the different size cores and homogenized cores are obtained. The levy method isn't adopted because the s to thickness of sandwich panels /( ) 
e homogeni li ion of examples in section 3.1.
Circle-core
he sandwich structure with the circle core, the ions are set to be: length L=2.4m, width W=0.8m, ess h u =h l =0.01m, h c =0.40m (u-upper skin, l-lower , c-core).
e effecitive properties of the circle core are obtained mogenization method as follows. Bending deflections of sandwich structure with th zed core is shown in Fig.12 . Table 5, Table 6 and Fig.12, Fig.13 , Fig.14 and Fig.15 , the bending responses of sandwich structures with both circle cores and X-cores similarly converge ose obtained with homogenized cores when th b cores decrease. But the latter is faster a re two reasons. On the one hand, the latte nd closer. e r ratio α of span her hand, the sim ed directio of t mogeneo ransverse line lo her gat d c commo rall bending stiffness gradually increases along with ratio of the spedimensions to thickness is bigger. On the ot ply supported sides are vertical to the extend he unit cell for the X-core so that they are us than circle cores under action of the t n more hoad. efore, for both the honeycomb core and ore, the bending response of sandwich pan n regularity with the size effect that the ove 
Dynamic analysis of sandwich panels
Dynamic analysis of laminate plate including mation
As given in [26] , for the laminate plate simply supporte on all four edges, the solutions for the flexural vibration ma 
where h is the thickness of laminate plate and
ubstituting the so ve ing equati m us eq 
The square of the remaining natural frequency can be obtained by solving the above homogeneous equations. 
where, m and n are the number of x and y axial halfwaves respectively. If 
Sandwich panel with hexagonal and rectangular honeycomb cores
Sandwich panels with the hexagonal and rectangular honeycomb cores, as shown in Fig.2 , are simply supported on The the four bottom edges. el are following as: w dimensions of the sandwich pana=0.8865m, length b=1.5354m, ickness h u =h l =0.01m, h c =0.03m (u-upper skin, l-lower skin, and cskins are 210GPa. The density is 7800kg/m 3 . For the core, the elastic modulus is 75GPa and the density is 2700 kg/m 3 er to calculate the effective elastic constan s of sandwich core, we assume that the void o hite part is a very weak material: the elastic modulus is 0.00001GPa and density is T gonal honeyion method. According to Eq.(40), the natural frequencies of san with the homogenized hexagonal and rectan cores are obtained in Table 7 . Table 7 . Natural frequencies with different m an 
the homogenized square and rhombic cores are btained in Table 13 . The finite element models of sandwich panels with rent size square and rhombic cores and the hom nized cores are built and their five order eigen-frequencies vibration modes are calculated as shown in Table  18 and Fig.21 to Fig.25 . obtaine nsverse core , which i atural frequencies for the two sandwi nels are listed in Table 7  an quare and rhombic cores is less than with homogenized hexagonal and rectangular cores. Similar to hickness
In addition, the natural frequencies of sandwich panels are d with the laminated plate theory including the tra shear deformation on the basis of the homogenized s. The fundamental frequency occurs with m=n=1 s for one half sine wave in each direction. N ch pa d Table 13 with the different m and n. Variation of m has greater influence on natural frequencies than n for sandwich panel with the hexagonal and rectangular cores because m is the number of x axial half-waves corresponding to the short side. Variation of m and n has the same influence on natural frequencies for sandwich panel with the square and rhombic cores. By observing the Fig.16 and Fig.21 , the deviation between the analytical solution and the FE solution with homogenized s section 3.1, the ratio of the span dimensions to t ( / a h α = ) is 17.73 for the hexagonal and rectangular cores which is less than for the square and rhombic cores ( 22 α = ). Therefore, the laminated plate theory for dynamic analysis is also more applicable to the thin plate. And also we compare the dynamic response of sandwich panels with the different configuration of sandwich cores and with the same volume fraction. The FE analysis results show that the natural frequencies of sandwich panels with the hexagonal cores are bigger than the rectangular cores. And the natural frequencies of sandwich panels with the square ver d
Conclusions and further works
In this paper, we analyzed the bending and dy ic responses of sandwich panels with the size variation of the different cores. Conclusions can be drawn as follows: (1) dition and the analysis of structural responses.
The above examples also show that the Navier solution of sandwich panels with the square and rhombic cores and the analytical solution of influence of configuration of sandwich cores on the structural response of sandwich panels cannot be reflected by using the classical laminate p works, the high order laminate plate theory needs to be adopted in order to improve the analytical accuracy for sandwich panel with the homogenized cores. Besid influence of size effect on buckling and thermal responses of sandwich structures can be further studied. And the new configurations of sandwich cores that possess extraord properties are designed considering the integrated performances of sandwich panels by the multi-objective optimization.
